Abstract Recent advances in borehole geophysical techniques have improved characterization of cross-hole fracture flow. The direct detection of preferential flow paths in fractured rock, however, remains to be resolved. In this study, a novel approach using nanoscale zero-valent iron (nZVI or 'nano-iron') as a tracer was developed for detecting fracture flow paths directly. Generally, only a few rock fractures are permeable while most are much less permeable. A heat-pulse flowmeter can be used to detect changes in flow velocity for delineating permeable fracture zones in the borehole and providing the design basis for the tracer test. When nano-iron particles are released in an injection well, they can migrate through the connecting permeable fracture and be attracted to a magnet array when arriving in an observation well. Such an attraction of incoming iron nanoparticles by the magnet can provide quantitative information for locating the position of the tracer inlet. A series of field experiments were conducted in two wells in fractured rock at a hydrogeological research station in Taiwan, to test the cross-hole migration of the nano-iron tracer through permeable connected fractures. The fluid conductivity recorded in the observation well confirmed the arrival of the injected nano-iron slurry. All of the iron nanoparticles attracted to the magnet array in the observation well were found at the depth of a permeable fracture zone delineated by the flowmeter. This study has demonstrated that integrating the nano-iron tracer test with flowmeter measurement has the potential to characterize preferential flow paths in fractured rock.
Introduction
Characterization of preferential flow in fractured rock is a challenge for the management of water resources, geotechnical engineering, waste disposal, and groundwater remediation, as well as petroleum and geothermal production. Fluid flow in rock fractures has been studied in the past with observations and numerical simulations (NRC 1996; Neuman 2005; Van Meir et al. 2007) . Fracture zones in a borehole can be identified by core log or acoustic televiewer imaging (Barton et al. 1995; Williams and Johnson 2000) , but groundwater is often found to flow through only a few permeable fractures, especially in crystalline rock (Zhao 1998; Swanson et al. 2006) ; hence, delineation of permeable fractures is essential to the characterization of preferential flow paths in rock formations.
Packer tests have been used to investigate permeable fracture zones in an open hole (Braester and Thunvik 1984; Zhao 1998) , but the test process is time-consuming and the depth resolution is restricted by the test interval. Flowmeter tests can be used to better characterize the vertical distribution of permeability in the borehole, providing more detailed information for the design of any tracer test and the interpretation of fracture flow pathways (Hess 1986; Williams and Paillet 2002; Lee et al. 2012; Basirico et al. 2015) . A temperature Electronic supplementary material The online version of this article (doi:10.1007/s10040-016-1426-7) contains supplementary material, which is available to authorized users. tomography experiment has been developed to investigate transmissive fractures and cross-hole preferential flow (Read et al. 2013; Klepikova et al. 2014; Coleman et al. 2015) . This technique can provide qualitative information of flow paths; however, the main flow pathway interpreted from the thermal tracer can be somewhat different from the pathway found using the solute tracer (Read et al. 2013) . Apparently, field characterization of fracture flow paths demands a more direct quantitative technique.
Tracer tests have long been used to evaluate the crosshole connectivity in fractured rock (Chen 1986; Novakowski and Lapcevic 1994; Sharifi Haddad et al. 2015) ; however, the test results have not shown the exact location of the tracer inlet in the observation well. Nanoscale zero-valent iron (nZVI) has been widely applied to in-situ remediation of groundwater contamination (Wang and Zhang 1997; Varanasi et al. 2007) . Iron is a magnetic material which can be attracted by a magnet. Previous studies revealed that iron nanoparticles would be highly mobile and remain in suspension for days to months in unconsolidated deposits (Sun et al. 2007; Comba and Sethi 2009; Bennett et al. 2010; He et al. 2010) .
In this study, a novel approach using nZVI as a tracer was developed, aiming to directly detect flow paths in fractured rock. A series of preliminary experiments, including crosshole hydraulic tests (to select suitable boreholes) and heatpulse flowmeter measurements (to delineate permeable zones) were conducted at a hydrogeological research station to provide the design basis for the tracer test. During the nZVI (or 'nano-iron') tracer test, the magnet array and the fluid conductivity sensor were used to monitor the incoming iron nanoparticles and the arrival of nano-iron slurry in the observation well. The test was intended to directly locate incoming fracture flow paths and interpret hydraulic parameters of the connective fracture between boreholes. Advantages, disadvantages and further improvement of this preliminary nano-iron tracer test are discussed.
Field experiments Hydrogeological research station
Field experiments were conducted at the hydrogeological research station at Heshe Experimental Forest of the National Taiwan University in central Taiwan (Fig. 1) . The elevation of the station is approximately 775 m above sea level. The site is located approximately 100 m west of Chenyoulan River. The peak of Mt. Wangma, where the elevation is 1,427 m above sea level, is located 1.7 km to the west of the station; thus, the shallow groundwater tends to flow from the west to the east. The water table at the station is about 9 m below the ground surface.
Three experimental wells installed in fractured rock at the research station were used to conduct various tests. The specifications of the three experimental wells are shown in Table S1 of the electronic supplementary material (ESM). The depth of these wells is about 25 m and the distance between the wells is 2.4-3.3 m, as shown in Fig. 2 . The overburden, ranging from the surface to 12.7-13.8 m depth, is primarily composed of terrace deposits and colluvium, including sand, gravel and weathered rock debris. It is underlain by the Juifang group consisting of fractured dark grey shale and siltstone. These wells are cased and sealed to 1.7-2.3 m below the overburden to prevent groundwater in the overburden from flowing into the borehole (Fig. 2) . The experimental wells remained open below the casing section.
Hydraulic test
Hydraulic tests were conducted to investigate the cross-hole hydraulic connectivity for selecting suitable tracer test wells. During the first test, well C was used as a pumping well and wells A and B were adopted as observation wells. Pumping was conducted at a constant rate of 173.7 ml/s for about 11 min and then stopped (Fig. 3a) . The water level at well A declined 17.8 cm approximately 45 min after pumping, and then started to recover (Fig. 3b) . The water level at well B declined slightly and no significant recovery was observed after pumping stopped. The test results indicated good hydraulic connection between wells C and A, but poor connection between wells C and B.
The second cross-hole hydraulic test was conducted to verify the hydraulic connection between well A and well C. The maximum drawdown at the pumping well A was 12.3 m (Fig. 4a) . While no significant drawdown was observed at well B, the water level declined up to 40 cm at well C (Fig. 4b) . The second test results further confirmed hydraulic connection between wells A and C; therefore, well A and well C were selected to conduct the tracer test for characterizing cross-hole preferential flow paths.
In addition, analysis of hydraulic test data is performed to estimate the transmissivity of rock formation in the open-hole section of the well. Since approximately 60-70 % of the pumped water is derived from wellbore storage, the drawdown data of the pumping well was analyzed using the solution for a well with a large diameter (Papadopulos and Cooper 1967) 
where S w is the drawdown at time t, Q is the pumping rate, and T is the transmissivity of the rock formation. The F(u w , α) is the integral function that accounts for the pumping well pipe storage effect and can be determined by matching the mathematical model of Papadopulos and Cooper (1967) 
Distribution of rock fractures
Although the preferential flow path between wells A and C is likely to connect through some fractures, it is often difficult to know the exact location of these permeable fractures. Zones of high fracture density are often assumed to be permeable (Barton et al. 1995; Williams and Johnson 2000) . It is possible to identify zones of high fracture density from the drill core based on the distribution of the fracture index, defined as the number of fractures per meter length of solid core recovered. In well A, the fracture index varies from 4 to 45 (Fig. 5) . The highest index appears in the core at the depth of 17-18 m. The fracture system was also characterized using an acoustic borehole televiewer image. Zones of high fracture density were identified at the depths of 17. 3-18.0, 19.6-20.3, 21-21.2 , and 21.6-21.8 m in well A. Similarly, high fracture density is found at the depths of 16. 4-16.5, 17.2-17.5, 19.2-20, 20.2-20.3, 22.7-22.8 and 23.5-24 .1 m in well C (Fig. 6 ).
Heat-pulse flowmeter measurement
Heat-pulse flowmeter measurements were adopted to investigate the permeable zones in wells A and C, providing the design basis for the nano-iron tracer test. The flowmeter test started with the measurement of ambient flow in the borehole. As the ambient flow could not be detected in wells A and C, the vertical hydraulic gradient in the borehole was very small and could be ignored; thus, all individual layers under steady-state conditions were assumed to have a similar hydraulic head. Well A was then pumped at 31.6 ml/s to induce a vertical borehole flow. After the drawdown reached a steady state approximately 4 h later, the flowmeter measurements were performed in the open-hole section between 16 and 22 m depth. The measurement interval ranged between 25 and 100 cm, depending on the change of measured flow (Fig. 5) . A significant error in the measured velocity, particularly at a low flow velocity, is caused by the free convection and the shape factor associated with the irregular flow-through cell of the heat-pulse flowmeter. The In the well C, the flowmeter measurements were implemented between the depths of 16 and 24 m with a pumping rate of 23.3 ml/s (Fig. 6) . The results indicated the depth of the most permeable zones at the depths of 21.25-21.75 and 23.5-23.75 m, respectively. The permeable zone at the depth of 23.5-23.75 m coincides with a zone of high fracture density found in the acoustic televiewer image; however, the fracture density is quite low in the other permeable zone at the depth of 21.25-21.75 m.
The heat-pulse flowmeter measurement results indicated that a few zones of high fracture density found in the rock Fig. 5 Acoustic televiewer log, fracture index from the rock core, vertical distribution of borehole flow rate and section transmissivity from the flowmeter measurement at well A. The thickness of each section is 25 cm. The fracture index is defined as the number of fractures per meter of the rock core Fig. 6 Acoustic televiewer log, fracture index from the rock core, vertical distribution of borehole flow rate and section transmissivity from the flowmeter measurement at well C. The thickness of each section is 25 cm. The fracture index is defined as the number of fractures per meter of the rock core core or televiewer image are consistent with the permeable sections detected by the flowmeter, while most are not permeable. The low permeability in zones of high fracture density is attributed to the limited extent or discontinuity of fractures. These zones are often found to have fractures filled with silty clay, blocking the fracture flow. According to Paillet et al. (1987) , the indirect techniques for delineating a permeable zone based on the fracture density from the rock core and televiewer image may not be reliable.
Nano-iron tracer test
nZVI has been used in the remediation of groundwater contaminants for decades. Previous studies indicated that nZVI particles can be transported at least 1-2.5 m in unconsolidated deposits Johnson et al. 2013; Kocur et al. 2014) . This study intends to adopt nZVI slurry as a tracer for the direct detection of fracture flow paths. Here watersoluble polyethyleneimine is used as a nanoparticle surfactant.
There are three advantages of using nZVI slurry. Firstly, nZVI particle size is only 50-100 nm, and thus it can be transported by the groundwater in fractured rock. Secondly, the conductivity of the nZVI slurry is about 3120 μS/cm, which is much higher than that of local groundwater, ranging from 590 to 620 μS/cm. The difference make it possible to monitor the variation of fluid conductivity for detecting the migration of nZVI slurry. Last but the most important, nZVI is magnetic and can be attracted by a magnet. This feature provides the chance to design a magnet array assembly for attracting nZVI particles at the tracer inlet to delineate the location of connecting permeable fractures in observation wells.
Laboratory experiment
Before the field test, a laboratory test was conducted to examine the feasibility of using nZVI slurry as a tracer. The rock fracture was simulated by a three-layer system composed of a thin permeable sand layer confined by two thick clay layers. Two screened tubes were installed in the three-layer system to simulate the injection well and the observation well. The water flow in the permeable layer was driven by a higher hydraulic head in the injection tube. The dissolved oxygen is approximately 3 mg/L and the fluid conductivity is 115 μS/cm. As the laboratory flow test was carried out in an aerobic environment, some nZVI particles were oxidized in 2-3 weeks, but most remained as zero-valent iron after 6 months. Due to the magnetic attractive forces between particles and the gravity effect, most nZVI particles tend to aggregate together and precipitate at the bottom of the injection tube; however, a small portion of nZVI particles migrated into the permeable sand layer, and some nZVI slurry did migrate to the observation tube. The tracer breakthrough was recorded by a fluid conductivity sensor and the location of incoming tracer was delineated by the nano-iron attracted to the magnet array in the observation tube. The process of laboratory nano-iron tracer test paved the way to further experiment in the field.
Field experiment
Based on permeable zones delineated by the flowmeter in the borehole, a nano-iron tracer test was designed to investigate the fracture flow paths between well A and well C, where the hydraulic interconnection was confirmed by the hydraulic tests. Well A was selected as an injection well, while well C was an observation well. A fluid conductivity logger (Aqua TROLL 200) was placed at the depth of 19.9 m adjacent to the most permeable zone delineated by the flowmeter measurement in well A. Two fluid conductivity loggers were installed, respectively, at the depths of 21.5 and 23.6 m in well C, where the most permeable zones are located. A 10-m magnet array assembly was placed between the depth of 14 and 24 m in well C to detect where and how much the iron nanoparticles were attracted in well C. The magnet array assembly is composed of a 2-mm steel cable, 10 centralizers and 100 pieces of 2.95 × 1.25 cm NdFeB magnets. The interval is 10 cm between magnets and 1 m between centralizers. In addition, a plumb was placed at the bottom of the magnet array to avoid bending effect due to magnetic attractive forces between magnets. The general setting of the tracer test is illustrated in Fig. 7 .
Twenty liters of nZVI slurry, which consists of approximately 111 g of nZVI particles, were prepared in the laboratory. Since the nZVI particles can be oxidized and loose the magnetism in the shallow subsurface environment, it is important to reduce the duration of the tracer test; therefore, a force gradient with a divergent flow field was generated by increasing the well water level to the wellhead through the injection at well A. The injection well A was flushed before the test in order to reduce fine particles in the borehole and rock fractures. When the well water level had recovered, the nZVI slurry was mixed with the ambient water obtained from a distant well and injected through a plastic tube to the depth of 19.5 m at a rate of 0.11 L/s. Immediately after the injection of nZVI slurry, which took about 14 min, the ambient water was continuously injected through the tube. When the well overflowed at 19 min, the plastic tube was pulled out. Then ambient water was injected into the well head to maintain the overflowed condition throughout the test.
The original hydraulic gradient between wells A and C under the natural condition was about 0.01 m/m, but it increased rapidly due to continuous injection. When well A overflowed, the hydraulic head rose approximately 10.4 m. As a result, the hydraulic gradient between wells A and C increased to 2.19 m/m and remained at this level until the end of the test.
Prior to the injection of the nZVI slurry, the fluid conductivity at the depth of 19.9 m in well A was 600-610 μS/cm (Fig. 8a) . It rose up abruptly to 1,754 μS/cm 3 min after the injection, then declined rapidly to 691 μS/cm. After the injection tube was pulled out at 19 min, the fluid conductivity rose up slowly to 2,088 μS/cm, but declined again to the background level 3 h later. It remained at this level until the end of the tracer test.
In the observation well C, the fluid conductivity was recorded at the depth of 21.5 and 23.6 m during the tracer test (Fig. 8b) . The conductivity stayed at about 648 μS/cm at the depth of 21.5 m throughout the test. This phenomenon suggested that nano-iron slurry did not reach well C through any fractures above the depth of 21.5 m. On the other hand, the fluid conductivity at 23.6 m deep in well C began to rise rapidly 11.5 min after the injection, indicating the first arrival of the nZVI slurry in the observation well. It reached a peak of 762 μS/cm at 16 min, but declined rapidly to 652 μS/cm at 31 min. Then the fluid conductivity increased monotonously until the end of the tracer test.
After the tracer test was completed, the magnet array assembly was pulled out from the observation well to examine the depth and the weight of nZVI attracted to the magnets. Nearly all of the accumulated iron nanoparticles were attracted to the magnets at the depth between 22.9 and 24 m (Fig. 9) . The weight of accumulated iron nanoparticles attracted to a piece of magnet ranged from 0.4 to 2.4 mg. The total weight of attracted nZVI particles was 12.5 mg, which was approximately 0.01 % of the injected nZVI particles.
Interpretation of test results

Migration of nZVI slurry
According to the monitoring data during the tracer test, two conductivity pulses were recorded at the depth of 19.9 m in injection well A (Fig. 8a) . The pulse changes were likely associated with the migration of the nZVI slurry. Initially the nZVI slurry injected through the tube would migrate upward and downward as a result of turbulent flow due to the injection (Fig. 10) . The first rapid rise of fluid conductivity at the depth of 19.9 m was attributed to the downward movement of nZVI slurry. When more ambient water and less nZVI slurry was injected, the fluid conductivity declined rapidly. After the well overflowed at 19 min, ambient water was injected into the wellhead, instead of through the tube. Since the density of polyethyleneimine is greater than that of groundwater, the nZVI slurry that migrated upward and suspended above the injection point in well A would have moved downward, resulting in the second conductivity pulse at the depth of 19.9 m.
In the observation well C, there was only one conductivity pulse recorded at 23.6 m depth (Fig. 8b) . It was likely caused by the arrival of the first pulse of nZVI slurry through the connected permeable fracture from injection well A. It is noted that the duration of the first conductivity pulse was 18.5 min in well A and 19 min in well C by comparing the changes in fluid conductivity recorded in the two wells (Fig. 11) . Such a similar duration of the conductivity changes in the two wells suggested the dominance of advection in the transport of the nZVI slurry through the connected fracture between wells A and C. Hydrodynamic dispersion of the nZVI slurry was not significant, possibly due to the short migration distance and less tortuosity in the permeable fracture (Grisak and Pickens 1980; Huyakorn et al. 1983) .
The largest increase during the first conductivity pulse in well C is only about one-tenth of that in well A, suggesting Fig. 9 The acoustic televiewer log, profile of the section transmissivity, and profile of the weight of iron nanoparticles attracted to the magnet in the observation well C that most of the injected nZVI slurry in well A did not migrate to well C. This phenomenon is possibly attributed to the dominance of downward migration of nZVI slurry in well A due to the gravity effect (Kanel et al. 2008) , as observed during the laboratory test. Only a small amount would follow the hydraulic gradient to migrate laterally through the permeable fracture. Therefore, the fluid conductivity recorded at the depth of 23.6 m in well C was significantly lower than that recorded at the depth of 19.9 m in well A. The conductivity pulse recorded in well C was followed by a continuous increase until the end of the tracer test (Fig. 8b) . The increase was probably caused by the downward migration and accumulation of incoming nZVI slurry at the hole bottom due to the gravity effect.
The nZVI particles attracted to the magnet array in well C were distributed from the depth of 22.9-24 m, which is consistent with large changes in fluid conductivity observed at the depth of 23.6 m. According to the laboratory test, NdFeB magnets have a strong magnetic attractive force, and thus most incoming nZVI particles could be attracted by magnets. The tracer test results suggested the nano-iron tracer inlet is near the depth of 22.9-24 m in well C. (Fig. 10) . The horizontal distance between the two wells is 2.44 m (at the ground surface). According to the results of an acoustic televiewer log, the mean deviation is 0.5°to the direction of N224°and the start-end distance is 0.22 m in well A. The mean deviation is 0.2°to the direction of N002°and the start-end distance is 0.08 m in well C. Considering the deviations of the two wells, the estimated length of the connected permeable fracture is approximately 4.62 m.
The nZVI slurry was detected approximately 1 min after the injection at the depth of 19.9 m in well A and 11.5 min after the injection at the depth of 23.6 m in well C. Thus, the duration of nano-iron tracer migration through the connected Fig. 10 Schematic diagram showing the migration of nZVI tracer between well A and well C during the tracer test. While most of injected nZVI slurry settled at the bottom of the well A, a small amount migrated radially through a permeable fracture away from the injection well A due to the divergent flow field. When the nZVI particles arrived in the observation well C, they were attracted to the magnet array at the tracer inlet Fig. 11 Comparison of changes in specific conductivity at the injection well A and the observation well C. Fluid conductivity changes at the depth of 19.9 m in well A are represented by blue circles (gray line). Fluid conductivity changes at the depth of 23.6 m in well C are represented by red diamonds (black line). The first and second horizontal axes are the elapsed time after the tracer injection in well A (blue) and well C (red), respectively fracture is about 10.5 min. If the dispersion effect is ignored, the seepage velocity of nZVI slurry in the connected fracture between wells A and C, estimated by the length of the connected fracture divided by the migration time, is approximately 7.33 × 10 −3 m/s.
When the nZVI slurry arrived in well C, the hydraulic head rose 8.19 m in well A at 11.5 min. The hydraulic gradient (∇h ), calculated by the average change of hydraulic head divided by the length of migration along the permeable fracture, was approximately 0.89. As the fractures are partially filled with unconsolidated deposits (based on the core samples), the effective porosity of the connected permeable fracture is assumed to be 0.2. The hydraulic conductivity (K) can be calculated based on Darcy's law
where v is the seepage velocity and n e is the effective porosity.
Here the hydraulic conductivity in the connected fracture between wells A and C is estimated to be 1.65 × 10 −3 m/s. As the transmissivity of the connected permeable zone in wells A and C ranges from 6.45× 10 −8 to 1.65 × 10 −7 m 2 /s, the effective thickness of the connected permeable fracture is estimated to be 0.039-0.1 mm approximately. In other words, the groundwater flow between the two wells is likely to concentrate on a permeable thin fracture.
Discussions
The tracer test results indicated that nZVI particles attracted to the magnet array provided a direct evidence to delineate the position of connected permeable fracture in the observation well. Nevertheless, the weight of attracted nZVI particles is only a little more than 0.01 % of the total weight of injected nZVI particles, suggesting that most of iron nanoparticles did not migrate from the injection well to the observation well. The outcome was attributed to the settlement of iron nanoparticles at the bottom of the injection well as well as the radial migration of nZVI slurry from the injection well through the anisotropic fractured media.
The magnetic attractive forces and van der Waals forces are known to affect the aggregation and gelation between nZVI particles, causing precipitation in the water environment (Comba and Sethi 2009) . Phenrat et al. (2007) indicated that nZVI particles can aggregate to micrometer-size aggregates and precipitate from solution rapidly. The addition of the dispersant polyethyleneimine can form a colloidal system to reduce the aggregation of iron nanoparticles. During the tracer injection, however, the nZVI slurry was mixed with a large amount of groundwater, affecting the stability of the colloidal system. Most iron nanoparticles in the diluted slurry were probably aggregated and precipitated to the bottom of the injection well. Approximately 1.5 years after the tracer test, the injection well A was inspected by the video camera. A large amount of black iron particles were found at the bottom of the borehole, indicating most of the nZVI did settle to the bottom of the injection well.
Only a small amount of the injected nZVI slurry migrated away from the well A through the permeable fracture. The radial migration in the permeable fractured media driven by the injection may significantly dilute the iron nanoparticles. In this experimental test, only a tiny but measurable amount of injected nZVI particles arrived in the observation well, where they were attracted by the magnet at the entrance. Such a tiny mass recovery would significantly restrict the potential application of nano-iron tracer. Further improvement in the tracer test design is needed to enhance the mass recovery of nZVI particles for any long distance test in the future.
Based on the monitoring data, four peaks of fluid conductivity changes were recorded at the depth 23.6 m in observation well C (Fig. 11) . This phenomenon could be explained by multiple connected permeable fractures between the two wells. The migration of nZVI slurry through multiple fractures is anticipated to show velocity dispersion effects due to the difference in fracture opening, filling materials, and tortuosity of the flow paths. However, a similar duration of the first conductivity pulse change was recorded in wells A and C, as shown in Fig. 11 , suggesting that the dispersion of nZVI slurry in the fracture zone was not significant. Therefore, the nZVI slurry was likely to migrate through a single fracture between wells A and C. The four peaks could be attributed to the temporary blocking of the nZVI aggregates by the deposits in the route of migration along the connected fracture. With increasing fluid pressure gradient, the aggregates would move again along the fracture. Thus, the aggregates of nZVI slurry could be separated by the blocking process, generating multiple peaks of conductivity change in the observation well.
The hydraulic conductivity of the connected fracture estimated from the tracer test is more than 2,000 times higher than the equivalent hydraulic conductivity of the permeable zone obtained from the hydraulic test and flowmeter test in wells A and C. Such a result suggested a highly permeable thin fracture dominating the groundwater flow and transport process in the fractured rock. The conventional hydraulic analysis that yields the average hydraulic properties over the whole aquifer or a permeable section may not reflect the actual hydraulic properties.
Conclusions
The field experiment of a novel characterization approach has demonstrated that nano-iron can be used as a tracer to directly detect fracture flow paths between boreholes. The injected iron nanoparticles were attracted to the magnet at the tracer inlet in the observation well, providing quantitative information for delineating the location of incoming fracture flow. The test results indicated that the flow path between the injection and observation wells was likely to be a highly permeable thin fracture. The depth of the tracer inlet at the observation well is consistent with that of a highly permeable zone delineated by the heat-pulse flowmeter. Apparently the nano-iron tracer test, in conjunction with heat-pulse flowmeter measurements, has the potential to characterize the preferential flow paths in fractured rock; however, further improvement is needed in the design of the tracer test to enhance the mass recovery of iron nanoparticles in order to implement a test over a long distance.
